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The  spin  of  an  electron  in  a  self-assembled  InAs/GaAs  quantum  dot  molecule  is  optically  prepared  and 
measured  through  the  trion  triplet  states.  A  longitudinal  magnetic  held  is  used  to  tune  two  of  the  trion 
states  into  resonance,  forming  a  superposition  state  through  asymmetric  spin  exchange.  As  a  result,  spin- 
hip  Raman  transitions  can  be  used  for  optical  spin  initialization,  while  separate  trion  states  enable  cycling 
transitions  for  nondestructive  measurement.  With  two-laser  transmission  spectroscopy  we  demonstrate 
both  operations  simultaneously,  something  not  previously  accomplished  in  a  single  quantum  dot. 


DOI:  10.1 103/PhysRevLett.  101. 236804 


PACS  numbers:  73.21.La,  33.80.Be,  71.35.Pq 


Initialization,  coherent  manipulation,  and  readout  are 
the  essential  operations  of  quantum  information  process¬ 
ing.  The  electron  spin  in  a  singly-charged  In  As  quantum 
dot  can  serve  as  a  qubit  for  all-optical  solid  state  quantum 
computing.  Localization  of  the  electron  greatly  extends  its 
spin  coherence  times  [1,2]  and  the  spin  can  be  addressed 
through  an  optically  excited  trion  state  [3-9].  In  a  trans¬ 
verse  magnetic  held,  the  trion  and  the  two  spin  states  of  the 
electron  form  a  3-level  A  system  that  enables  spin  initial¬ 
ization  [4-6]  and  control  [7-9]  through  Raman  transitions. 
The  transverse  held  turns  on  the  normally  forbidden  tran¬ 
sitions  by  breaking  the  axial  symmetry  of  the  system.  A 
major  drawback  is  that  this  precludes  the  use  of  sensitive 
two-level  cycling  transitions.  In  a  cycling  transition  mea¬ 
surement  the  system  continues  to  return  to  the  same  spin 
eigenstate  because  of  strict  selection  rules,  and  in  this  sense 
is  nondestructive,  as,  for  example,  in  the  case  of  ion  qubits 
[10].  Nondestructive  readout  is  necessary  for  error  correc¬ 
tion  during  quantum  calculations.  Also,  higher  measure¬ 
ment  sensitivity  is  possible  enabling  single-shot  readout. 
Excited  orbitals  in  single  dots,  which  contain  both  singlet 
and  triplet  states,  could  be  used  except  that  they  suffer  from 
fast  nonradiative  relaxation  [11].  Thus  spin  initialization 
and  manipulation  are  incompatible  with  nondestructive 
cycling  readout  in  single  dots. 

In  this  Letter,  we  overcome  this  fundamental  limitation 
by  using  a  pair  of  quantum  dots  that  are  coupled  through 
coherent  tunnelling  [12-14].  Optical  excitation  of  one  dot 
is  used  to  initialize  and  to  readout  the  spin  state  of  an 
electron  in  the  other  dot  through  exchange  interactions. 
The  unique  energy  level  structure  in  coupled  dots  elimi¬ 
nates  the  need  for  a  transverse  field.  Instead  a  longitudinal 
field  is  used  to  tune  two  trion  states  into  resonance  such 
that  a  small  asymmetric  exchange  interaction  permits  a 
spin-flip  Raman  process.  At  the  same  time,  other  states 
maintain  good  selection  rules  and  are  used  for  cycling 
transition  measurement.  Overall,  the  singly  charged 
coupled  quantum  dot  forms  a  “W”  energy  level  system, 
which  is  comprised  of  a  A  system  and  two  two-level 
cycling  transitions.  With  this  versatile  new  qubit,  we  are 


now  able  to  demonstrate  simultaneous  spin  initialization 
and  nondestructive  readout. 

Our  qubit  is  realized  in  two  vertically  stacked  InAs  self- 
assembled  quantum  dots  separated  by  a  13  nm  GaAs 
barrier  and  electrically  biased  in  a  diode  structure  so  that 
a  single  electron  resides  in  the  bottom  QD  [Eig.  1(a)]. 
Single  molecules  for  optical  study  are  isolated  by  1  /mm 
diameter  apertures  in  an  A1  shadow  mask.  The  sample  bias 
is  modulated  with  a  square-wave  voltage  of  50  mV  peak- 
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FIG.  1  (color  online).  Transmission  spectroscopy  of  a  QD 
molecular  trion.  (a)  Schematic  diagram  of  the  device  structure 
showing  the  two  electrons  (solid  circle)  and  hole  (open  circle)  of 
the  trion.  (b)  Energy  level  diagram  of  both  the  electron  and  trion 
states.  Arrows  indicate  allowed  optical  transitions.  The  levels  are 
labeled  by  the  spin  configurations  of  the  states  and  their  total 
spin  projections. 
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to-peak  at  10  kHz.  Lock-in  techniques  are  used  to  measure 
the  changes  in  the  transmitted  laser,  which  is  linearly 
polarized  and  focused  to  a  ~2  yam  spot. 

To  initialize  and  readout  the  spin  of  this  electron  an 
additional  electron-hole  pair  is  optically  excited  in  the 
top  QD.  The  structure  is  designed  so  that  the  electrons 
can  tunnel,  whereas  the  hole  cannot  [15,16].  The  tunneling 
of  the  two  electrons  results  in  spin  states  in  which  a  singlet 
is  separated  in  energy  from  three  triplet  states  [Eig.  1(b)] 
[14,17].  The  triplet  states  are  further  split  through  the  e-h 
exchange  interaction  with  the  hole  spin.  We  first  present 
the  energy  level  structure  of  this  system  and  then  show  how 
it  results  in  a  W  diagram  that  can  perform  simultaneous 
optical  spin  initialization  and  measurement. 

Two  of  the  triplets  are  shown  in  the  optical  transmission 
spectra  in  Eig.  2(a).  The  third  triplet  is  optically  forbidden 
due  to  selection  rules.  The  transitions  split  into  Zeeman 
components  [Eig.  2(b)]  with  an  applied  longitudinal  mag¬ 
netic  field.  The  optical  spectra  arises  from  transitions  from 
the  spin  states  of  the  resident  electron  to  the  spin  states  of 
the  trion.  The  red  lines  in  Eig.  2(c)  indicate  a  transition  that 
originates  from  the  spin  +  ^  state  of  the  resident  electron 
and  the  black  from  the  spin  —  ^  state.  We  use  the 
Hamiltonian  in  Ref.  [14]  and  augment  it  with  additional 
terms  for  asymmetric  exchange  [18,19]  as  described  below. 
A  longitudinal  field  (Earaday  geometry)  maintains  the 
zero-field  selection  rules  [see  Eig.  1(b)],  unlike  the  case 
of  a  magnetic  field  applied  in  the  transverse  direction 
(Voigt  geometry).  The  calculated  transition  spectra  shown 
in  Eig.  2(c)  are  in  excellent  agreement  with  the  measured 
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spectra  of  Eig.  2(b).  Eigure  2(c)  is  the  difference  between 
the  calculated  state  energies  [plotted  in  Eig.  3(a)]  using  the 
selection  rules  depicted  in  Eig.  1(b). 

In  the  magnetic  field  data  of  Eig.  2(b)  it  is  seen  that 
where  transition  energies  would  cross  there  are  avoided 
crossings,  or  anticrossings.  The  first  anticrossing  at  5  = 
1  T  [square  in  Eig.  2]  corresponds  to  a  coupling  between 
two  basis  states  T-d/j)  =  (J  j)r  and  r+(3/2)  =  which 
differ  both  in  a  hole  and  in  an  electron-spin  projection  in 
the  top  dot.  This  coupling  can  arise  from  asymmetric 
(sometimes  called  anisotropic)  e-h  exchange.  This  anti¬ 
crossing  is  analogous  to  the  fine- structure  splitting  nor¬ 
mally  seen  in  the  neutral  exciton  spectra  in  a  single  dot  and 
arises  from  the  same  origin  [20].  As  expected,  the  polar¬ 
ization  selection  rules  change  from  circular  to  linear  at  this 
anticrossing  point. 

The  key  to  our  spin  initialization  method  is  the  second 
anticrossing  that  occurs  at  5  =  2.8  T  between  the  trion 
states  r_(i/2)  =  (Jj)7-  (red)  and  T-o/i)  =  (aj)r  (blue)  with 
a  magnitude  of  8^^  ~  15  yaeV  [circle  in  Eig.  3(a)].  At  the 
magnetic  field  where  the  two  trion  states  anticross  a  small 
asymmetric  exchange  contribution  becomes  dominant  and 
becomes  directly  measureable  through  the  magnitude  of 
the  anticrossing  energies.  These  two  trion  states  differ  by 
the  orientation  of  one  electron  spin,  and  at  the  anticrossing 
the  state  becomes  a  coherent  superposition  of  both  trion 
states.  The  superposition  state  has  strong  optical  transition 
strength  with  both  spin  states  of  the  resident  electron. 


FIG.  2  (color  online),  (a)  Transmission  spectra  of  the  molecu¬ 
lar  trion  at  fixed  bias.  The  negative  peaks  in  the  spectra  arise 
from  the  voltage  modulation  technique  and  are  just  replicas  of 
the  positive  peaks  [35].  (b)  Intensity  plot  of  the  transmission 
spectra  as  a  function  of  longitudinal  magnetic  field.  A  diamag¬ 
netic  contribution  to  the  energy  (10.8  yueV/T^)  has  been  sub¬ 
tracted.  Energy  anticrossings  are  observed  at  5  =  1  T  (square) 
and  2.8  T  (circles),  (c)  Calculated  transition  spectra  in  which  line 
thicknesses  are  proportional  to  the  oscillator  strength.  The  black 
and  red  lines  correspond  to  transitions  from  electron  spin  down 
and  up,  respectively. 


FIG.  3  (color  online),  (a)  Calculated  state  energies  as  a  func¬ 
tion  of  magnetic  field  at  fixed  voltage  (50  mV),  (b)  One-laser 
transmission  spectra  as  a  function  of  voltage.  Intensity  plot  of  the 
four  transitions  in  the  W  level  diagram  across  the  one-electron 
stability  plateau.  B  =  2.75  T  and  laser  power  is  3  yuW  and 
linearly  polarized,  (c)  Peak  intensities  of  the  four  measured 
(symbols)  and  calculated  (lines)  transitions.  The  ground  state 
charge  configuration  is  shown  between  the  two  plots,  and  the 
gray  shaded  areas  denote  regions  of  bias  space  where  the 
molecule  is  charged  with  0  and  2  electrons. 
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which  turns  on  the  normally  optically  inactive  transi¬ 
tions  in  the  region  of  the  anticrossing.  This  explains  the 
two  observable  anticrossings  in  the  transition  spectra 
[Eigs.  2(b)  and  2(c)].  The  superposition  state  and  the  two 
electron-spin  ground  states  form  a  A  system.  Thus,  spin- 
flip  Raman  transitions  can  be  performed  through  these 
superposition  states. 

We  first  present  the  single-laser  transmission  spectra  as  a 
function  of  gate  voltage  in  Eig.  3(b).  In  Eig.  3(c),  the 
intensities  of  the  spectral  lines  from  Eig.  3(b)  are  plotted. 
The  two  lower  lines  in  Eig.  3(c)  correspond  to  the  initial¬ 
ization  transitions,  and  they  show  a  sharp  drop  in  intensity 
in  the  middle  of  the  bias  range:  this  is  a  signature  of  optical 
spin  pumping  [4-6].  When  the  electron  spin  is  optically 
excited  to  the  trion  superposition  states,  it  can  recombine 
back  to  the  other  electron-spin  state,  where  it  is  shelved 
until  it  relaxes.  Because  the  initial  spin  eigenstate  is  no 
longer  populated,  the  ^  signal  is  reduced.  This  pumping 
rate  is  fast  (~1  ns)  because  both  branches  of  the  A  tran¬ 
sitions  have  large  transition  strength  as  a  result  of  the 
strong  exchange-induced  coupling  between  the  trion  states. 
At  the  edges  of  the  bias  range,  optical  pumping  is  sup¬ 
pressed  by  rapid  cotunneling  of  electrons  between  the 
quantum  dot  molecule  and  the  doped  GaAs  layer  [21,22]. 

In  contrast,  transitions  to  the  unmixed  triplet  states 
T+{in)  =  (i;!)?-  and  =  (J{)r  (green  and  orange, 

respectively)  remain  intense  over  the  single  electron  stabil¬ 
ity  plateau  [Eig.  3(b)]  and  show  no  signs  of  optical  pump¬ 
ing.  This  is  due  to  the  fact  that  each  of  these  trion  states 
(r+(i/2),  r+(3/2))  couple  optically  to  only  one  electron  spin 
state,  so  that  the  original  electron  spin  eigenstate  is  recov¬ 
ered  by  spontaneous  emission.  In  particular,  the  transition 
involving  the  T+(i/2)  trion  state: 
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is  robust  against  heavy-light  hole  mixing,  which  is  known 
to  break  the  selection  rules  in  single  dots.  These  cycling 
transitions  can  be  performed  repeatedly  to  provide  effi¬ 
cient,  nondestructive  measurement  of  the  spin  eigenstate 
[10]. 

The  calculated  lines  in  Eig.  3(c)  are  the  steady-state 
solutions  to  the  optical  Bloch  equations  combined  with 
an  expression  for  the  cotunneling  rate  from  earlier  studies 
of  single  dots  [21-23].  Good  agreement  was  found  using  a 
transition  dipole  of  25  D  and  spontaneous  emission  rate  of 
(500  ps)“^  for  the  r+(i/2)  transition  and  similar  values  for 
the  other  transitions. 

In  total  the  four  transitions  connected  to  the  two  ground 
spin  states  of  the  electron  define  a  W  level  diagram 
[Eig.  4(c)]  that  enables  simultaneous  spin  initializa¬ 
tion  and  measurement.  To  demonstrate  this  we  performed 
a  two-laser  transmission  experiment  [Eig.  4].  The  ini¬ 
tialization  laser  is  scanned  through  resonance  with  the 
superposition  doublet  while  the  measurement  laser  is 
scanned  through  both  measurement  transitions  [see 
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FIG.  4  (color  online).  Simultaneous  spin  initialization  and 
measurement  with  two  lasers  at  5  =  2.75  T.  The  initialization 
and  measurement  lasers  are  at  3.5  yuW  and  3  yuW,  respectively. 
(a)-(b)  Intensity  plot  of  measurement  laser  transmission  (orange 
and  green  arrows)  as  a  function  of  the  initialization  laser  fre¬ 
quency  (red  and  blue  arrows)  for  initialization  laser  resonant  first 
with  spin  down  (a)  and  then  with  spin  up  (b).  The  two  traces  in 
each  plot  show  the  intensities  of  the  two  measurement  transitions 
for  the  same  initialization  laser.  The  two  lasers  are  cross  linearly 
polarized.  A  polarization  analyzer  before  the  detector  transmits 
only  the  measurement  laser,  (c)  “W”  energy  level  diagram 
showing  the  spin  configuration  of  each  level. 


Eigs.  4(a)  and  4(b)].  When  the  initialization  laser  is  reso¬ 
nant  with  the  transition  from  the  +  ^  spin  state  to  either 
component  of  the  superposition  doublet  (red  arrow),  the 
electron  spin  is  pumped  from  +  ^  to  —  ^ .  As  a  result,  the 
intensity  of  the  green  measurement  transition  is  enhanced, 
while  the  orange  measurement  is  suppressed  [as  shown  in 
Eig.  4(b)].  The  reverse  is  obtained  when  pumping  from  the 
—  ^  spin  state  (blue  arrow)  as  shown  in  Eig.  4(a).  The 
difference  between  the  intensity  of  the  enhancement  and 
suppression  of  the  measurement  transitions  reflects  the 
population  difference.  Using  the  optical  Bloch  equations 
we  obtain  a  spin  polarization  ~  96%  at  saturation. 

This  value  is  somewhat  lower  than  that  obtained  previously 
in  single  dots,  and  probably  results  from  somewhat  larger 
optical  linewidths  (~2  GHz  here  as  compared  to  0.4  GHz 
in  Ref.  [4]).  The  optical  linewidth  originates  from  spectral 
wandering  that  likely  arises  from  charge  fluctuations  in  the 
surrounding  material,  and  from  our  simulations  can  ac¬ 
count  for  the  reduction  in  pumping  fidelity. 

We  now  return  to  the  origin  of  the  anticrossings.  The 
anticrossing  observed  at  5  =  2.8  T  corresponds  to  a  cou¬ 
pling  between  two  basis  states  that  differ  only  in  a  single 
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electron-spin  projection.  We  find  that  this  coupling  can  arise  from  spin-orbit  interaction.  This  leads  to  an  electron  exchange 
between  dots  that  is  accompanied  by  a  spin  flip.  The  spin-flip  Raman  process  that  drives  the  spin  pumping  is  described  by 


ft 

0  \  ho)  /  1 

!')  — 1 

fU 

(\ 

!')  — 1 

a 

1)  -^1 

fl  0\ 

Vo 

0)  [0 

■11 /r 

KO 

■H  )s 

^0 

■11/5 

^0 

■H/r 

^0  0) 

(2) 


The  basis  states  are  defined  as  in  Ref.  [14].  The  interaction 
terms  are  the  asymmetric  exchange  =  (/Zso+  “ 
which  arises  from  the  spin-orbit  interac¬ 
tion  /iso+5  spin  conserving  tunnelling  4,  and  the  axially 
symmetric  (sometimes  called  isotropic)  exchange  = 
(Aq^^  —  AQ^^)(cr^^  —  between  the  electrons  and  a 

hole  localized  on  one  dot  [14]. 

Using  a  perturbation  analysis,  an  effective  asymmetric 
exchange  interaction  between  the  two  triplet  states  is  found 
to  be 

L  and  U  are  lower  and  upper  dot  orbitals,  respectively.  The 
tunneling  rate  (4  =  850  yiteV)  and  the  e-h  exchange  en¬ 
ergy  (Aq^  =  130  yiteV),  are  known  from  measurement. 
The  spin-orbit  term  ~  95  yLteV  can  be  determined 
from  the  magnitude  of  the  anticrossing  energy  (5^^  = 
15  yiteV).  We  compare  this  value  with  a  microscopic  cal¬ 
culation  in  which  we  introduce  a  structural  asymmetry  by 
laterally  displacing  the  two  dots.  The  spin-orbit  interaction 
is  the  sum  of  Dresselhaus  and  Rashba  couplings,  = 
{aj)  +  iaj^)p+.  We  find  that  a  lateral  offset  of  1-2  nm  is 
sufficient  to  account  for  the  magnitude  of  the  anticrossing 
energy.  Such  an  offset  is  physically  reasonable  [24],  and 
we  conclude  that  the  spin-orbit-interaction  is  a  viable 
origin  for  the  mixing  of  the  two  triplet  states  at  the  anti¬ 
crossing  point. 

The  spin-orbit  interaction  combined  with  lateral  asym¬ 
metry  can  account  for  the  magnitude  of  the  anticrossing 
energy,  but  by  itself  cannot  account  for  several  line  shape 
anomalies  observed  in  Fig.  4.  Close  inspection  shows  an 
energy  shift  as  large  as  15  yiteV  and  changes  in  linewidth. 
This  type  of  behavior  is  indicative  of  hyperfine  interactions 
of  the  electron  spin  with  the  nuclear  spin  [25-30].  At  the 
anticrossing  point  where  the  energy  required  for  an  elec¬ 
tron  spin  flip  becomes  small  it  is  possible  for  the  electron- 
nuclear  spin  flip  process  to  become  more  efficient,  leading 
to  significant  nuclear  spin  polarization.  Moreover,  the  laser 
can  induce  a  positive  feedback  process  in  which  a  sponta¬ 
neous  nuclear  spin  polarization  is  amplified  and  stabilized 
by  the  optical  transition  [29].  A  full  treatment  is  beyond  the 
scope  of  the  present  work  and  would  likely  involve  a  model 
that  incorporates  both  spin-orbit-induced  and  hyperfine- 
induced  electron-spin  flip  processes. 

We  have  demonstrated  simultaneous  initialization  and 
nondestructive  readout  using  resonant  transmission  spec¬ 
troscopy.  The  readout  method  in  the  W  energy  diagram  is 


not  specific  to  a  particular  technique  and  resonance  fluo¬ 
rescence  [31,32]  or  Faraday  rotation  [33,34],  could  also  be 
used.  Finally,  we  note  that  the  A  transitions  used  for  spin 
initialization  can  also  be  used  for  coherent  spin  control,  in 
order  to  set  up  a  coherent  superposition  of  the  electron-spin 
states  (for  example,  coherent  population  trapping  in  fre¬ 
quency  domain  [7],  and  coherent  spin  rotations  in  time 
domain  [8,9]). 

We  thank  M.  F.  Doty  and  V.  L.  Korenev  for  illuminating 
discussions.  Partial  funding  was  provided  by  NSA/ARO 
and  ONR.  S.  E.  E.  was  supported  by  NRC/NRL. 


[1]  M.  Kroutvar  et  aL,  Nature  (London)  432,  81  (2004). 

[2]  A.  Greilich  et  al.  Science  317,  1896  (2007). 

[3]  A.  J.  Ramsay  et  al,  Phys.  Rev.  Lett.  100,  197401  (2008). 

[4]  M.  Atature  et  al.  Science  312,  551  (2006). 

[5]  X.  Xu  et  al,  Phys.  Rev.  Lett.  99,  097401  (2007). 

[6]  B.  Gerardot  et  al.  Nature  (London)  451,  441  (2008). 

[7]  X.  Xu  et  al,  Nature  Phys.  4,  692  (2008). 

[8]  J.  Berezovsky  et  al,  Science  320,  349  (2008). 

[9]  Y.  Wu  et  al,  Phys.  Rev.  Lett.  99,  097402  (2007). 

[10]  C.  Monroe  et  al,  Phys.  Rev.  Lett.  75,  4714  (1995). 

[11]  M.E.  Ware  et  al,  Phys.  Rev.  Lett.  95,  177403  (2005). 

[12]  E.  Stinaff  et  al.  Science  311,  636  (2006). 

[13]  H.  J.  Krenner  et  al,  Phys.  Rev.  Lett.  97,  076403  (2006). 

[14]  M.  Scheibner  et  al,  Phys.  Rev.  B  75,  245318  (2007). 

[15]  A.  S.  Bracker  et  al,  Appl.  Phys.  Lett.  89,  233110 
(2006). 

[16]  H.  J.  Krenner  et  al,  Phys.  Rev.  Lett.  94,  057402  (2005). 

[17]  M.E.  Doty  et  al,  Phys.  Rev.  Lett.  97,  197202  (2006). 

[18]  K.V.  Kavokin,  Phys.  Rev.  B  69,  075302  (2004). 

[19]  S.C.  Badescu  et  al,  Phys.  Rev.  B  72,  161304  (2005). 

[20]  D.  Gammon  et  al,  Phys.  Rev.  Lett.  76,  3005  (1996). 

[21]  J.M.  Smith  et  al,  Phys.  Rev.  Lett.  94,  197402  (2005). 

[22]  J.  Dreiser  et  al,  Phys.  Rev.  B  77,  075317  (2008). 

[23]  M.  Kroner  et  al,  Phys.  Rev.  B  78,  075429  (2008). 

[24]  M.  Scheibner  et  al,  Nature  Phys.  4,  291  (2008). 

[25]  S.  W.  Brown  et  al,  Phys.  Rev.  B  54,  R17339  (1996). 

[26]  A.  Bracker  et  al,  Semicond.  Sci.  Technol.  23,  114004 
(2008). 

[27]  P.-E.  Braun  et  al,  Phys.  Rev.  B  74,  245306  (2006). 

[28]  P.  Maletinsky  et  al,  Phys.  Rev.  B  75,  035409  (2007). 

[29]  V.  L.  Korenev,  Phys.  Rev.  Lett.  99,  256405  (2007). 

[30]  A.  1.  Tartakovskii  et  al,  Phys.  Rev.  Lett.  98,  026806 
(2007). 

[31]  A.  Muller  et  al,  Phys.  Rev.  Lett.  99,  187402  (2007). 

[32]  A.  N.  Vamivakas  et  al,  arXiv: 0806. 3707. 

[33]  J.  Berezovsky  et  al,  Science  314,  1916  (2006). 

[34]  M.  Atature  et  al.  Nature  Phys.  3,  101  (2007). 

[35]  A.  Hogele  et  al,  Phys.  Rev.  Lett.  93,  217401  (2004). 


236804-4 


